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Abstract 13 
Currently, open circuit Bayer refineries pump seawater directly into their operations to neutralize the 14 
caustic fraction of the Bayer residue. The resulting supernatant has a reduced pH and is pumped back 15 
to the marine environment. This investigation has assessed modified seawater sources generated from 16 
nanofiltration processes to compare their relative capacities to neutralize bauxite residues.  An 17 
assessment of the chemical stability of the neutralization products, neutralization efficiency, discharge 18 
water quality, bauxite residue composition, and associated economic benefits have been considered to 19 
determine the most preferable seawater filtration process based on implementation costs, savings to 20 
operations and environmental benefits. The mechanism of neutralization for each technology was 21 
determined to be predominately due to the formation of Bayer hydrotalcite and calcium carbonate, 22 
however variations in neutralization capacity and efficiencies have been observed. The neutralization 23 
efficiency of each feed source has been found to be dependent on the concentration of magnesium, 24 
aluminium, calcium and carbonate. Nanofiltered seawater with approximately double the amount of 25 
magnesium and calcium required half the volume of seawater to achieve the same degree of 26 
neutralization. These studies have revealed that multiple neutralization steps occur throughout the 27 
process using characterization techniques such as X-ray diffraction (XRD), infrared (IR) spectroscopy 28 
and inductively coupled plasma optical emission spectroscopy (ICP-OES).  29 
 30 
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1. Introduction 33 
 34 
One of world’s greatest industrial waste streams belongs to the alumina industry (bauxite residue – 35 
red mud), which is estimated to have generated around 3 billion tonnes of residue globally (2010) 36 
with an additional 120 million tonnes per annum continuing to be produced.1-3 The magnitude of 37 
waste being generated by this industry clearly demonstrates the need for future developments in not 38 
only responsible disposal methods but also technologies that reduce the production of waste through 39 
the optimization of operation processes or re-use the waste for beneficial purposes. Bauxite residue is 40 
produced by the Bayer process, which involves the digestion of bauxite ore using highly caustic 41 
solutions at elevated temperatures and pressures to form a solution of sodium aluminate and an 42 
insoluble residue (red mud). There are a number of factors that influence the quantity of bauxite 43 
residue that is produced: 1) aluminium content in the ore, 2) type of aluminium oxide/hydroxide, 3) 44 
temperature and pressure conditions. The Bayer process can produce between 0.3 and 2.5 tonnes of 45 
caustic red mud waste for every tonne of alumina produced2. Red mud is classified as a “hazardous 46 
material” under the Basel Convention.4 Due to the complexity and classification of bauxite residue, 47 
numerous researchers from a variety of fields are trying to utilise the waste residue to minimize 48 
environmental impacts caused by tailings dams and the associated costs of storage facilities (more 49 
than $80 million a year).5 Some of the more current research focuses on remediation,6-9 adsorbents10-14 50 
and metal recovery15-17. 51 
 52 
Apart from the visible implications of storing bauxite residue in large tailings dams, these residues are 53 
highly alkaline and contain an array of inorganic and organic species with potentially harmful 54 
environmental effects. Bauxite residue (which is usually in the form of slurry) is mainly comprised of 55 
iron oxides, titanium oxides, silicon oxides and undissolved alumina, along with a wide range of other 56 
oxides depending on the country of origin. Trace levels of metal oxides, such as arsenic, cadmium, 57 
chromium, copper, gallium, lead, mercury, nickel and in some cases thorium and uranium, are of 58 
particular concern.18 The alkalinity of the residue exists in both solid and solution as: 1) entrained 59 
liquor (sodium hydroxide, sodium aluminate and sodium carbonate), 2) calcium compounds, such as 60 
hydrocalumite, tri-calcium aluminate and lime, and 3) sodalite ((NaAlSiO4)6(Na2X), where X can be 61 
SO42-, CO32-, Al(OH)4- or Cl-).19 All of these compounds need to react with the neutralizing agent 62 
(seawater, mineral acids or carbon dioxide) to achieve “full” neutralization, however this is not 63 
achieved in normal operation conditions due to slow kinetic reactions involving calcium and silica 64 
compounds. There are two types of neutralization water management systems in the alumina industry: 65 
1) Open-circuit: discharge of neutralized residue water to the environment (rivers, estuaries, 66 
marine waters) after clarification. 67 
2) Closed-circuit: no discharge of residue water and requires the containment of residue in large 68 
tailings dams or is recycled to the refinery. 69 
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Current environmental management programs along coastal areas of Australia involve the 70 
neutralization of alumina wastewater through the addition of seawater, which produces a precipitate 71 
known as Bayer hydrotalcite (Mg6Al2(OH)16CO3·4H2O). Hydrotalcite is best visualised by starting 72 
with the structure of brucite (Figure 1A), and upon the substitution of Al3+ into the brucite structure, 73 
the layered hydrotalcite structure forms with intercalated anionic species (primarily carbonate and 74 
sulphate). The formation of hydrotalcite has a dual purpose in the neutralization process: 1) reduces 75 
the alkalinity of the entrained liquor in the residue and 2) removes metals, metalloids and anionic 76 
species. The seawater neutralization process reduces the alkalinity of the residue to safe limits for 77 
discharge into tailings dams and for reuse in a number of applications. Environmental Protection 78 
Agency discharge limits state that a pH range of 6-9 is generally acceptable, depending on the 79 
receiving water environmnet.20 However, in order to achieve these limits up to 20 times the amount of 80 
seawater is required to neutralize an equivalent amount of bauxite residue.19 This increases discharge 81 
volumes and the burden of the alumina industry on the environment.  82 
 83 
The formation of hydrotalcite reduces the pH and soluble metals concentrations to the point where a 84 
clarified effluent (reacted seawater) can be discharged to the environment,7, 21 while the residual slurry 85 
or filter cake is stored in large tailings dams. The disposal of numerous treated wastes into rivers, 86 
estuaries and marine waters is not uncommon, nevertheless, when the full array of anthropogenic 87 
wastes are taken into account it is inevitable that adverse effects will be observed in our water 88 
resources. Of particular concern is the release of metals and trace elements common in industrial 89 
waste streams,22 which are known to cause skeletal deformities and various developmental 90 
abnormalities in marine fish.23 New technologies and environmental management programs can 91 
mitigate the overall effect of effluent discharge on aquatic environments: however in all 92 
circumstances minimizing the amount of waste discharged will ensure the survival of these 93 
ecosystems. 94 
 95 
The reactive species in seawater for the neutralization of bauxite residues are magnesium and calcium, 96 
therefore increasing the amount of these ions in seawater would reduce the overall volume required to 97 
achieve neutralization. Nanofiltration technology solves the problem of additional washing (waste 98 
reduction) due to nanofiltration membranes that allow mono-valent ions to pass through the 99 
membrane (such as sodium and chloride), while trapping divalent species in the retentate (magnesium 100 
and calcium). Thus, nanofiltration increases the reactivity of seawater while maintaining a salt content 101 
similar to that of the original seawater making it more suitable for land amelioration or remediation 102 
programs. It also significantly reduces the amount of neutralized water that is discharged into marine 103 
environments, improving the sustainability of the industry.  104 
 105 
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This study is an extension of the work previously conducted by Taylor et al. in 2011 which focused 106 
on the engineering aspects of using nanofiltered seawater.24 Their aims were to determine the extent to 107 
which seawater could be concentrated using NF membranes before scaling commenced or before the 108 
osmotic pressure became excessive. In this study, a comparative reactivity of seawater and seawater 109 
NF concentrate has been undertaken to gain an understanding of the equipment capacities required 110 
and capital reduction benefits that could reasonably by anticipated by alumina refiners. This 111 
investigation focuses on the chemical processes involved and provides an assessment on the 112 
advantages of using nanofiltered seawater instead of seawater. The mineral composition, stability and 113 
mechanisms involved in the neutralization of Bayer liquor using seawater and nanofiltered seawater 114 
will be examined, followed by a statement on the environmental, social and economic implications of 115 
this technology on the alumina industry.  116 
 117 
2. Materials and methods 118 
 119 
Seawater was collected in southern Western Australia during July 2012 approximately 0.1 km off 120 
shore, which was pre-filtered using 5 µm cartridge filters. A portion of this seawater was then 121 
processed by nanofiltration in order to double the concentration of magnesium and calcium cations, 122 
while maintaining the same concentration for all other ions in seawater. Nanofiltered seawater was 123 
prepared using a 4” diameter spiral wound DK membrane from GE Power and Water at a constant 124 
pressure of 2500 kPa and flux of 30 Litre/m2/h LMH. Cross flow filtration over a membrane surface 125 
under pressure was used to concentrate magnesium and calcium (61% recovery) by rejecting it to the 126 
retentate, while passing sodium chloride to the permeate. The recovery rate cannot generally exceed 127 
65% due to the formation of calcium sulphate. 128 
 129 
Synthetic seawater solutions were prepared from AR grade chemicals and 18.2MΩ water (Supporting 130 
Information 1). 131 
 132 
Neutralization products were collected throughout the neutralization process in order to establish the 133 
mechanism and stability of precipitates. These experiments were conducted using a titration addition 134 
method, whereby seawater/nanofiltered seawater was added to 200mL of Bayer liquor (5.9g/L –135 
Al2O3) at a molar ratio of 4.5:1. Details of the Bayer liquor composition are found in Supporting 136 
Information 2. A Watson and Marlow peristaltic pump was used to deliver seawater or nanofiltered 137 
seawater to 200mL of Bayer liquor at flow rate of 20mL/min and tubing diameter of 3.2mm. The 138 
resultant solution was stirred at 400rpm using a prop paddle (35mm diameter) and an IKA overhead 139 
stirrer. The pH was monitored at 30 second intervals using a TPS pH meter and Sentek general 140 
laboratory probe (calibrated using buffer 7 and 10).  Samples (100mL) were extracted using a 50mL 141 
syringe as the pH reduced by a factor of 0.5 until a pH of 9.5 was reached. Samples were placed in a 142 
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250mL bottle and centrifuged using a Centurion Scientific C2 Series centrifuge for 5 minutes at 143 
2500rpm. The liquid portion was transferred into a sample container, while the solid component was 144 
washed with 150mL of deionized H2O before being centrifuged again. The solid component was 145 
placed in the oven overnight to dry (90°C) and then crushed to a fine powder using an agate ball mill. 146 
 147 
X-Ray diffraction patterns were collected using a Philips X'pert wide angle X-Ray diffractometer, 148 
operating in step scan mode, with Co K radiation (1.7902 Å). Patterns were collected in the range 3 149 
to 90° 2 with a step size of 0.02° and a rate of 30s per step. Samples were prepared as Vaseline thin 150 
films on silica wafers, which were then placed onto aluminium sample holders. The Profile Fitting 151 
option of the software uses a model that employs twelve intrinsic parameters to describe the profile, 152 
the instrumental aberration and wavelength dependent contributions to the profile.  153 
 154 
Solutions were analysed using a VISTA-MPX CCD simultaneous ICP-OES instrument that had been 155 
diluted by a factor of 2 using a Hamilton Diluter. A certified standard from Australian Chemical 156 
Reagents (ACR) containing 1000ppm of aluminium, calcium, magnesium, and sodium was diluted to 157 
form a multi-level calibration curve and an external reference that was used to monitor instrument 158 
drift and accuracy of the results obtained. Results were obtained using an integration time of 0.15 159 
seconds with 3 replications. Wavelengths used were as follows: Al (396.152), Ca (422.673), Mg 160 
(285.213) and sodium (589.592).  161 
 162 
Infrared spectra were obtained using a Nicolet Nexus 870 Fourier Transform infrared spectrometer 163 
(FTIR) with a smart endurance single bounce diamond ATR (attenuated total reflectance) cell. 164 
Spectra over the 4000-525 cm-1 range were obtained by the co-addition of 128 scans with a resolution 165 
of 4 cm-1 and a mirror velocity of 0.6329 m/s.  166 
 167 
3. Results and discussion 168 
 169 
3.1 Elemental analysis (ICP-OES)  170 
The relationship of major ions (Al3+, Mg2+, Ca2+, and K+) present in the neutralization process are 171 
shown in Figure 2. The most noticeable trends are observed for magnesium and aluminium, which 172 
reveal an inverse relationship. The gradual decrease in aluminium confirms it is being removed from 173 
solution via the formation of a precipitate, while the absence of magnesium indicates that it is being 174 
readily used up in the formation of a precipitate. Once aluminium has been exhausted (occurs at the 175 
inflection point) the magnesium concentration starts to increase significantly, confirming the 176 
formation of hydrotalcite and the significant role that Mg2+ plays in the neutralization process. The 177 
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absence of aluminium in solution after the inflection point (pH) shows hydrotalcite to be stable at the 178 
end of the neutralization process.   179 
 180 
The calcium concentration follows a similar trend to that of the magnesium-aluminium relationship 181 
discussed, except that the mechanism is caused by the formation of calcium carbonate species. The 182 
absence of calcium in solution up until the inflection point confirms that the formation of CaCO3 183 
plays a key role in the neutralization process. These results indicate that the neutralization process is 184 
controlled by the concentration of carbonate and aluminium, and once exhausted, a reduction in pH is 185 
simply a dilution effect caused by the addition of seawater or nanofiltered seawater. 186 
 187 
3.2 Mineralogical composition  188 
There are 4 common phases observed in the X-ray diffraction patterns (Figure 3) of all seawater and 189 
nanofiltered seawater precipitates formed between pH 13 and 9.5: hydrotalcite 190 
(Mg6Al(OH)16CO3·4H2O), calcite (CaCO3 – rhombohedra), aragonite (CaCO3 – orthorhombic) and 191 
halite (NaCl). Numerous works on the seawater neutralization process has reported the formation of 192 
these phases.7, 25-28 The formation of hydrocalumite is commonly reported, however it is not observed 193 
in this investigation. The most intense peaks are associated with the highly crystalline calcite and 194 
halite precipitates, while the very broad low intensity peaks are characteristic of hydrotalcite. High pH 195 
precipitates exhibit an additional phase, which has been determined to be Mg2Al(OH)7. The primary 196 
peak of this phase is hidden under the very broad hydrotalcite peak. However, due to the large 197 
intensity of its secondary peak, compared to the secondary peak of hydrotalcite, it can be observed at 198 
around 27° 2θ as a sharp overlapping band. This peak disappears at pH values below 11 and signifies 199 
the dissolution of the mixed metal hydroxide.  200 
 201 
Further confirmation of the instability of Mg2Al(OH)7 is shown by a shift in intensity of the 2 water 202 
infrared deformation modes (1640 and 1585 cm-1), assigned to hydrotalcite and Mg2Al(OH)7 203 
respectively, as the pH decreases (Figure 4). At high pH, there is a significant amount of hydrogen 204 
bonding associated with Mg2Al(OH)7 (1585 cm-1). As the dissolution of Mg2Al(OH)7 occurs at lower 205 
pH and hydrotalcite forms in its place, the band at 1585 cm-1 decreases, while the band at 1640 cm-1 206 
increases confirming the formation of additional hydrotalcite after the dissolution of Mg2Al(OH)7. 207 
Hydrotalcite shares a common band at 1585 cm-1 due to the similarity of the bonding environment of 208 
Mg,Al-OH layers in hydrotalcite and Mg2Al(OH)7, which results in the band remaining at low pH.   209 
 210 
Infrared spectra confirm the presence of aragonite and calcite in the precipitates with the appearance 211 
of C-O vibrational bands at 1490/1090cm-1 in seawater and 1410/1085cm-1 in NF. The corresponding 212 
bending mode of these carbonate groups are observed at 875cm-1. At high pH, the shape of the band 213 
assigned to υ3 vibrational modes of carbonate clearly shows a shoulder band at around 1410cm-1, 214 
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however as the pH decreases the shoulder band intensifies. Based on XRD (aragonite and calcite in all 215 
precipitates), it is believed that the increased clarity of the shoulder band at 1410cm-1 for the pH 9.5 216 
precipitates is due to a smaller ratio of aragonite in the sample that allows the calcite band to be more 217 
pronounce. In the XRD patterns, precipitates collected at pH 10 show evidence of sodium sulphate 218 
(Na2SO4) while those at pH 12.5 do not. A similar trend is noticed for the 1110cm-1 band in the 219 
infrared spectra. Based on these observations it is proposed that the 1110cm-1 band is associated with 220 
sulphate anions in Na2SO4. The formation of both calcite and aragonite in seawater neutralisation 221 
conditions has been explained by a report written by Choudens-Sanchez and Gonzalez,29 which states 222 
that the precipitation of calcite and aragonite are dependent on the saturation ratio (with respects to 223 
CaCO3) and the Mg:Ca ratio in solution. During the seawater neutralisation process, the solution 224 
chemistry is constantly changing as precipitates form, in particular hydrotalcite, which results in THE 225 
formation of CaCO3 at different Mg:Ca ratios. Aragonite typically forms in high Mg:Ca solutions and 226 
low supersaturation conditions due to a reduction in calcite growth caused by Mg substitution. This 227 
has been shown in XRD and IR data, whereby aragonite is more prevalent in the high pH precipitates, 228 
while calcite dominates in the low pH precipitates. 229 
 230 
The mechanisms responsible for the neutralization process are the formation of hydrotalcite and 231 
CaCO3. Carbonate alkalinity is proposed to be removed by two different mechanisms: 1) formation of 232 
CaCO3 and 2) intercalation into the hydrotalcite structure. This investigation found that in the absence 233 
of Ca2+, minimal changes in neutralization efficiency occurred suggesting CO32- removal is by means 234 
of intercalation. It is also believed that in rich Ca2+ solutions, carbonate is predominately removed 235 
from solution via the formation of CaCO3, which then allows sulphate anions to be intercalated into 236 
the hydrotalcite structure due to reduced competition for interlayer sites.    237 
 238 
3.3 Conductivity  239 
The conductivity of the seawater and nanofiltered seawater neutralization shows multiple steps 240 
occurring that were not identifiable by pH measurements alone (Supporting Information 3). The rapid 241 
decline in conductivity at the beginning of the curve (up to 30mL of seawater) is believed to be 242 
primarily due to the decrease in NaOH (contributes significantly to conductivity values) as 243 
hydrotalcite and Mg2Al(OH)7 forms (Equations 1-3): 244 
 245 
Equation 1: Hydrotalcite (2:1) formation 246 
4NaOH(aq) + 4MgCl2·6H2O(aq) + 2NaAl(OH)4(aq) + Na2CO3(aq)  Mg4Al2(OH)12(CO3)·4H2O(s) + 247 
8NaCl(aq) + 2H2O(l) 248 
Equation 2: Hydrotalcite (3:1) formation 249 
8NaOH(aq) + 6MgCl2·6H2O (aq) + 2NaAl(OH)4(aq) + Na2CO3(aq) → Mg6Al2(OH)16(CO3)·4H2O(s) + 250 
12NaCl(aq) + 2H2O(l) 251 
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Equation 3: Mg2Al(OH)7 formation 252 
3NaOH(aq) + 2MgCl2·6H2O(aq) + NaAl(OH)4(aq)  Mg2Al(OH)7(s) + 4NaCl(aq) + 6H2O(l) 253 
 254 
In contrast, the slow and steady decrease in pH at the beginning of the neutralization process indicates 255 
a buffering agent, such as carbonate, is slowing the rate of neutralization. Even though CaCO3 is 256 
shown to form during the initial stage of neutralization, it’s not until the rate of Mg2Al(OH)7 and 257 
hydrotalcite formation reduces that the removal of carbonate alkalinity is observed as a rapid decrease 258 
in pH (Equation 4).  259 
 260 
Equation 4: Formation of CaCO3 (calcite / aragonite) 261 
Na2CO3(aq) + CaCl2·6H2O(aq)  CaCO3(s) + 2NaCl(aq) + 6H2O(l) 262 
 263 
Both the seawater and nanofiltered seawater conductivity curves show a number of fluctuations 264 
corresponding to the inflection point on the pH curve. These fluctuations are believed to be associated 265 
with multiple reactions involved with the dissolution of Mg2Al(OH)7, the formation of additional 266 
hydrotalcite and CaCO3 facilitated by the dissolution products, and ion exchange reactions. Based on 267 
excess calcium remaining in solution at the end of the neutralization process, it is believed that the 268 
majority of carbonate has been removed from solution, and as a result the newly formed hydrotalcite 269 
has predominantly sulphate anions intercalated between the hydroxide layers. After the inflection 270 
point (pH), the conductivity slowly increases due to NaCl and other ions in seawater that are no 271 
longer reacting to form precipitates.  272 
 273 
3.4 Efficiency of neutralization  274 
The differences in neutralization efficiency for different Mg2+ sources are clearly shown in Figure 5, 275 
with the nanofiltered seawater sources (real and synthetic) increasing the overall efficiency of 276 
neutralization by approximately 50% (about 2.3 times quicker for both Bayer liquors). This increase 277 
in efficiency is essentially proportional to the increased concentration of Mg2+ and Ca2+ ions 278 
(combined increase is 2.2). The neutralization efficiency appears to follow pseudo-first order kinetics, 279 
however the actual rate law is significantly more complex involving multiple formation, dissolution 280 
and ion exchange reactions. 281 
 282 
Comparison of the curves based on mol/L Mg2+ added (Figure 5) shows that there is only a small 283 
variation in pH obtained for solutions with a lower cation content (increased cation concentration 284 
equates to an increased neutralization efficiency). Therefore, the neutralization process is proportional 285 
to the total concentration of cations used up in the formation of OH- and CO32- compounds, with Mg2+ 286 
precipitates having the greatest neutralization capacity. The fact that the curves are very similar 287 
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suggests that similar neutralization mechanisms are occurring independent of initial cation 288 
concentration effects.  289 
 290 
The concentration of reacted Al3+, Mg2+ and Ca2+ during the neutralization process and the 291 
corresponding percentage of those ions used in the formation of precipitates can be found in Table 1. 292 
Results indicate that hydrotalcite forms a combination of 2:1 and 3:1 hydrotalcite structures 293 
(Equations 1 and 2, respectively). The formation of Mg2Al(OH)7 at high pH will influence the Mg:Al 294 
ratio, however after the dissolution of Mg2Al(OH)7 at pH 11, the Mg:Al ratio should give an 295 
indication on the type  of hydrotalcite that forms. The nanofiltered molar ratio is smaller than seawater 296 
(2.2 compared to 2.9) and indicates that a large Mg2+ concentration in the initial stages of 297 
neutralization favours the 2:1 hydrotalcite. 298 
 299 
The infrared spectra provide additional information on the Mg:Al ratio of the precipitates that form 300 
(Figure 4). The  intense infrared band situated at 1365 cm-1 is due to the ν3 vibrational mode of 301 
carbonate in the hydrotalcite interlayer. The position of the band suggests that hydrotalcite has an 302 
Mg:Al ratio of 3:1.30-32 However, the precipitates at pH 12 and 13 show a small shoulder at 1340 cm-1 303 
indicative of a 2:1 hydrotalcite structure. This suggests that a mixture of hydrotalcite structures form, 304 
with the 3:1 being the most abundant at the end of the neutralization process.  305 
 306 
 307 
3.5 Comparison of nanofiltered seawater and seawater 308 
Alternative seawater sources for the seawater neutralization of alumina wastewater have the potential 309 
to improve the waste management program currently adopted by participating refineries based on a 310 
number of environmental, social and economic issues.  As the cost of production increases, due to 311 
lower grade bauxite ore being processed, it is necessary to find more affordable and environmentally 312 
friendly alternatives to ensure the sustainability of the industry. The greatest economic value in using 313 
nanofiltered seawater is the reduced volume required to achieve the same degree of neutralization. 314 
Currently, large amounts of seawater are required (15 to 20 times the volume of red mud to be 315 
neutralized) to achieve the environmental standards required for red mud to be safely disposed in 316 
tailing dams, while the magnesium and calcium depleted seawater is discharged back to sea.33 The 317 
doubling of magnesium and calcium in nanofiltered seawater results in an approximate 50% reduction 318 
in volume required to achieve the same neutralization capacity as seawater. Thus, it increases the 319 
neutralizing capacity per volume of neutralizing reagent.  320 
 321 
 322 
 323 
 324 
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These reductions in time and volume translate into increased productivity. Each alumina refinery has 325 
unique operating and cost structures and it is acknowledged that the capital cost for NF seawater will 326 
be higher than direct feed seawater plants, however in a greenfield development significant savings 327 
are possible through reduced sizing of downstream residue infrastructure and footprint, as well as 328 
reduced power associated with pumping costs. For a brownfield expansion to existing plants, 329 
upstream processing capacity can be increased without the need to proportionally increase the 330 
footprint and infrastructure associated with the tailings circuit, such as piping, reaction vessels, 331 
thickeners and clarifiers, as well as the associated costs of pumping throughout the plant and 332 
discharge.  333 
 334 
The installation of a nanofiltered plant onsite is the only new investment required, however the 335 
advantages of using nanofiltered seawater could offset these initial implementation costs in higher 336 
volume refineries already using the seawater neutralisation process. The capital costs can be further 337 
reduced if a desalination plant is located within the vicinity of the alumina refinery and the two 338 
industries operate synergistically by sharing in the capital investment and the alumina refinery 339 
receiving the desalination plant’s brine discharge stream. The total economic advantages is case 340 
specific, however it is proposed that the majority of alumina refineries using the seawater 341 
neutralization process would benefit from the implementation of this technology. The report by 342 
Taylor et. al.,24 provides more detail on the economic advantages of using membrane technology in 343 
the seawater neutralization process.  344 
 345 
Apart from the visible effects of tailings on the landscape, the major ecological impact of industry is 346 
water pollution arising from discharge that causes adverse effects in aquatic ecosystems. Determining 347 
the eventual fate and effect of tailings discharge in coastal environments and biota is a highly dynamic 348 
proposition that requires interdisciplinary evaluation, however reducing the amount of discharge is 349 
always going to improve/minimize environmental impacts.  350 
 351 
Conclusions 352 
This investigation has shown that the reaction mechanisms responsible for the neutralization of 353 
alumina wastewater are highly similar for all seawater sources, with only minor variations in 354 
hydrotalcite and calcium carbonate crystal structures being observed. These changes do not appear to 355 
have any significant influence on the overall stability of the neutralization precipitates during or at the 356 
end of the neutralization process. XRD data indicates the presence of hydrotalcite, calcite, aragonite 357 
and halite as the major mineralogical phases involved in the process, with Mg2Al(OH)7  also observed 358 
above pH 12.5. Various fluctuations in conductivity measurements throughout the neutralization 359 
process indicate that a number of dissolution/formation steps are occurring. Another important finding 360 
is the appearance of a direct correlation between the concentration of magnesium and calcium on the 361 
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efficiency of the neutralization process. This investigation has determined that a number of reactions 362 
are responsible for the overall neutralization process; however estimations can be made about 363 
neutralization efficiency using the magnesium and calcium concentration.  364 
 365 
Hydrotalcite undergoes a number of reactions, with the most significant being: 1) ion exchange of 366 
interlayer anions, 2) rearrangement of the hydroxide layers, and 3) substitution of Mg2+ into the 367 
hydroxide layer as the pH decreases. All of these reactions are outlined in Figure 6. The formation of 368 
hydrotalcite is facilitated by: 1) excess Mg2+ (seawater), Al(OH)4- and NaOH (Bayer liquor), and 2) 369 
the dissolution of Mg2Al(OH)7.  370 
 371 
This investigation has shown that the reaction mechanisms responsible for the neutralization of 372 
alumina wastewater are highly similar for seawater and nanofiltered seawater, with only minor 373 
variations in hydrotalcite and calcium carbonate crystal structures being observed. These changes do 374 
not appear to have any significant influence on the overall stability of the neutralization precipitates 375 
during or at the end of the neutralization process. Another important finding is the appearance of a 376 
direct correlation between the concentration of magnesium and calcium on the efficiency of 377 
neutralization, which appears to follow pseudo-first order reaction kinetics (based on the combined 378 
effect of magnesium and calcium). This in-depth investigation has determined that a number of 379 
reactions are responsible for the overall neutralization process; however estimations can be made 380 
using the magnesium and calcium concentration. It has also been shown that the formation of calcium 381 
carbonate has a significant role in the intercalation of sulphate anions in the hydrotalcite interlayer. 382 
The similarity of results confirms that the use of nanofiltered seawater can be used in current 383 
applications that use seawater neutralized residue but with the added advantages of reduced volumes 384 
and salt content.  385 
 386 
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Table 1 497 
Seawater 
pH 
Reacted Al Reacted Mg 
Mg:Al 
Reacted Ca 
mg/L % mg/L % mg/L % 
2433.0 - 1411.5 - 446.0 - 
13.05 310.5 28.1 752.6 97.8 2.69 237.3 97.5 
12.53 475.1 74.2 1034.8 99.5 2.42 326.7 99.4 
11.5 474.2 99.0 1129.2 99.6 2.64 350.7 97.9 
11.14 454.2 99.3 1139.9 99.5 2.79 352.1 97.2 
10.51 440.3 99.2 1141.9 99.0 2.88 348.7 95.6 
9.52 390.5 99.5 1069.3 90.3 3.04 291.6 77.9 
Nanofiltered seawater 
pH 
Reacted Al Reacted Mg 
Mg:Al 
Reacted Ca 
mg/L % mg/L % mg/L % 
2433.0 - 3141.5 - 956.0 - 
12.99 419.9 24.2 717.6 79.9 1.90 93.1 34.1 
12.51 865.8 78.3 1425.3 83.2 1.83 233.3 44.7 
11.62 878.6 99.7 1671.5 83.4 2.11 277.8 45.6 
10.95 854.8 99.8 1709.9 84.0 2.22 294.0 47.5 
10.37 842.0 99.7 1719.6 83.9 2.27 293.0 46.9 
9.42 808.5 99.7 1765.5 84.3 2.42 308.5 48.4 
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